Alterations in various developmental pathways are common themes in cancer. The early B-cell factors (EBF) are a family of four highly conserved DNA-binding transcription factors with an atypical zinc-finger and helix-loop-helix motif. They are involved in the differentiation and maturation of several cell lineages including B-progenitor lymphoblasts, neuronal precursors, and osteoblast progenitors. During B-cell development, EBF1 is required for the expression of Pax5, an essential factor for the production of antibody-secreting cells. Accumulating evidence indicates that genomic deletion of the EBF1 gene contributes to the pathogenesis, drug resistance, and relapse of B-progenitor acute lymphoblastic leukemia (ALL). Epigenetic silencing and genomic deletion of the EBF3 locus in chromosome 10q are very frequent in glioblastoma (GBM). Strikingly, the frequency of EBF3 loss in GBM is similar to that of the loss of Pten, a key suppressor of gliomagenesis. Cancer-specific somatic mutations were detected in EBF3 in GBM and in both EBF1 and EBF3 in pancreatic ductal adenocarcinoma. These missense mutations occur in the DNA-binding domain or the conserved IPT/TIG domain, suggesting that they might disrupt the functions of these two proteins. Functional studies revealed that EBF3 represses the expression of genes required for cell proliferation [e.g., cyclins and cyclin-dependent kinases (CDK)] and survival (e.g., Mcl-1 and Daxx) but activates those involved in cell cycle arrest (e.g., p21 and p27), leading to growth suppression and apoptosis. Therefore, EBFs represent new tumor suppressors whose inactivation blocks normal development and contributes to tumorigenesis of diverse types of human cancer. (Mol Cancer Res 2009;7(12):1893-901) 
Introduction
Two key genetic events underlie the multistep process of tumorigenesis. Tumor suppressor genes are inactivated through somatic point mutations, deletion, and epigenetic silencing, and oncogenes are activated through gain-of-function somatic mutations, genomic amplification, and transcriptional overexpression. It is now clear that a relatively small number of oncogenes and tumor suppressors such as Ras, PI3K, p53, Pten, Rb, and p16
INK4a are frequently mutated (1) (2) (3) (4) . Several recent largescale sequencing studies have confirmed the high prevalence of mutations of these genes across diverse cancer types (1) (2) (3) (4) (5) (6) . These common mutations are believed to be the driving force in tumorigenesis. One surprising discovery from these studies is that, in addition to a few frequently mutated genes, specific tumors display low-frequency mutations in a diverse array of genes. The significance of these low-frequency mutations in tumorigenesis remains unclear. They might play a causal role, or they may be the so-called passenger mutations that do not contribute to cancer etiology or progression. Regardless, the diversity of genes with low-frequency mutations in different tumors reflects the notorious complexity of cancer.
Low frequency cancer-specific mutations have been observed in genes encoding two members of the early B-cell factors (EBF, or olfactory neuronal transcription factor-1, Olf-1) in glioblastoma (GBM; ref. 3 ) and pancreatic cancer (2) . In a genome-wide screen for putative tumor suppressor genes, Zardo and colleagues found that the EBF3 locus on the human chromosome 10q is deleted or methylated in brain tumors (7) . Thus, it is likely that EBF3 may function as a tumor suppressor in the brain. Furthermore, deletion of the EBF1 locus occurs in B-progenitor acute lymphoblastic leukemia (ALL; ref. 8) . Functional studies revealed that EBF3 activates genes involved in cell cycle arrest and apoptosis while repressing genes involved in cell survival and proliferation (9) . Collectively, these studies suggest that EBF transcription factors act as tumor suppressors in several types of cancer. Biologically, these factors are involved in various developmental pathways including B-cell differentiation (10) , neurogenesis (11) (12) (13) , and bone development (14) . Here, we introduce the structure and function of the EBF family of transcription factors, and will focus on the emerging evidence of their genetic and epigenetic inactivation in cancers as well as discuss the potential mechanisms by which these factors function in tumor suppression.
Structure and Biochemical Functions of EBFs
In 1993, Hagman and colleagues purified EBF1 from the nuclear extracts of a murine pre-B-cell line through oligonucleotide affinity chromatography (15) . The DNA sequence of the oligonucleotide was derived from the promoter of the Cd79a gene (also known as mb-1) encoding the immunoglobulin-α (Ig-α, a signaling molecule of the B-cell receptor; also known as B-cell antigen receptor complex-associated protein alpha chain or MB-1 membrane glycoprotein), an immunoglobulinassociated protein that is produced in the early stages of B-lymphocyte differentiation. EBF1 is essential for B-cell development, as mice lacking the Ebf1 gene do not produce functional B cells and immunoglobulins (16) . In the same year, cDNA encoding a related factor called Olf-1 (orthologous to the human and mouse EBF1) was identified by screening rat cDNA clones that activated a reporter gene in yeast under the control of a synthetic promoter containing DNA elements derived from olfactory-specific genes (17) .
EBFs are found throughout the animal kingdom in organisms as diverse as Drosophila melanogaster, Caenorhabditis elegans, and humans (18) . Invertebrate species carry a single EBF gene in their genomes (18) . The ortholog in Drosophila is also known as collier. Together with their mammalian counterparts (Olf-1/EBF), these factors are also referred to as Olf-1/ EBF (O/E) or Collier/Olf-1/EBF (COE). In the genomes of mice, humans, and other vertebrates, there are four paralogous genes of the EBF family (EBF1-4). In humans, the EBF1-4 genes map to chromosomes 5q34, 8p21.2, 10q26.3, and 20p13, respectively. Similar to other DNA-binding transcription factors, EBF proteins contain well-defined modular domains with distinct structures and functions (Fig. 1) . The DNA-binding domain (DBD) near the NH 2 -terminus consists of approximately 200 residues whose sequence is evolutionarily well conserved with >75% sequence identity between distant species. These proteins bind directly to DNA with a consensus sequence of 5′-CCCNNGGG-3′ as homo-or heterodimers ( Fig. 2; ref. 19 ). Within the DBD, there is a sequence motif that defines the signature of the EBF family (termed COE). This signature sequence is an atypical zinc finger (H-X 3 -C-X 2 -C-X 5 -C), and is absolutely required for DNA binding (20, 21) . Mutation of any of the four Zn 2+ -binding residues to alanine abolishes the DNA-binding activity of EBF1 (21) . Furthermore, the presence of Zn 2+ or Cd 2+ cations is required for EBF1 to bind to DNA in vitro (20) . Thus, this motif is a bona fide Zn 2+ -binding structure. Because of the short length of this motif compared to other known zinc-binding structures, Fields and colleagues have designated this motif the "zinc knuckle" (Zn-knuckle) of EBF (21) .
The region COOH-terminal to the DBD shares sequence similarity with the conserved domains called IPT/TIG (immunoglobulin-like fold, plexins, transcription factors, or transcription factor immunoglobin). Although the function of IPT/TIG has not been determined, it might function through protein interactions via homo-or heterodimerization with other proteins. An atypical helix-loop-helix (HLH) motif is found C-terminal to the IPT/TIG domain. In vertebrate EBFs, this motif consists of three α-helices. The first and second helices are similar to the typical HLH domains of v-myc and MyoD. Interestingly, the amino acid sequence of the third α-helix is nearly identical to that of the second one. Thus, this atypical structure of the vertebrate EBFs is better described as the HLHLH motif. Cross-species sequence analysis of the EBF family proteins suggests that the two similar helices probably arose owing to an exonic duplication in vertebrates. Thus, the HLH motif in the EBF proteins of invertebrate species such as D. melanogaster still contains two dissimilar helices (18) . Experimental data suggest that the HLH motif of the EBF proteins is involved in dimerization, as deletion of this motif abolishes stable dimer formation in solution ( Fig. 2; refs. 18, 20) .
The less-conserved C-terminal domain has a major role in transcriptional activation. This domain is rich in serine, threonine, and proline residues. Additional transactivation domain might exist, as C-terminal deletion mutants retain transactivation activity (20) . Specifically, although the DBD alone did not promote transactivation, a construct encompassing amino acid residues 18 to 429 of the mouse EBF1 potently activated transcription of an artificial reporter gene construct containing two EBF-binding DNA sequences (20) . This finding suggests that the ITP/TIG domain, the HLHLH domain, or both, could mediate transactivation.
EBF1 was found to interact with the coactivator p300 (22) . Surprisingly, this interaction seems to inhibit the histone acetyltransferase activity of p300. EBF1 binds to both the histone acetyltransferase domain and the cysteine-histidine-rich region 3 domain of p300 (22) . Additionally, both EBF1 and EBF3 can interact with the C-terminal interferon-binding domain of p300.
1 It has been shown that interferon-binding domain can bind promiscuously to diverse transcription factors that share no obvious sequence similarity, such as p53 and Ets-2 (23). Thus, it is likely that EBFs also recruit p300 and related cAMP response element binding protein-binding protein (CBP) to activate transcription (Fig. 2) .
EBFs in Development

EBF1 in B-lymphocyte Development
It has been extensively documented that EBF1 is a master regulator for B-cell development (24) (25) (26) . Ebf1-deficient mice produce only B-biased progenitor cells but not mature B cells (16) . Ebf1-deficient cells fail to express B-cell markers such as the immunoglobulins. Mouse knock-out studies suggest a hierarchical model of early B-cell commitment in which E2A proteins (E47 and E12, two alternative splicing variants of the E2A gene, which homo-or heterodimerize via their HLH domains) activate Ebf1, whose gene product in turn activates the production of Pax5, an essential regulator of B-cell identity and function ( Fig. 3 ; refs. 10, 27). Interestingly, there seems to be a feed-forward loop between EBF1 and Pax5. Whereas EBF1 is required for activating Pax5 expression, the latter enhances EBF1 expression ( EBF1-mediated DNA demethylation and chromatin remodeling seems to be a common mechanism by which it activates transcription of genes required for B-cell development. For example, EBF1, in conjunction with E2A and Runx1 (also known as AML1, CBFA2, and PEPB2αB), induces DNA demethylation and chromatin remodeling of the Cd79a and other B-lineage target genes. This facilitates Pax5-mediated transactivation of these genes (32) (33) (34) .
Like Pax5, EBF1 seems to repress the expression of genes that are inappropriate for the B-cell lineage (30) restores B-cell differentiation in vivo (35) . Both ID2 and ID3 are inhibitory factors of E47, and thus EBF1-mediated downregulation of both factors is critical for B-cell development (35) . Interestingly, small interfering RNA (siRNA)-mediated knockdown of the Mi-2β subunit of the Mi-2/NuRD repression-remodeling complex seems to potentiate EBF1-and Pax5-mediated gene activation (34) , suggesting the involvement of the Mi-2/NuRD silencing complex in EBF1-mediated gene repression (Fig. 2) . Nonetheless, elucidation of the molecular mechanism by which EBF1 represses transcription requires further studies.
It is interesting to note that the D. melanogaster ortholog of EBF (Collier) was shown to play a role in immune response against parasitic wasps (36, 37) . Analogous to vertebrate EBFs, Collier seems to specify the generation of lamellocytes, one of the three specific lineages of Drosophila hemocytes (blood cells). Lamellocytes devoted to encapsulation of large foreign bodies only differentiate from larval hematopoietic progenitors (prohemocytes) when the animal is challenged by specific immune threats such as parasitic invasion. Importantly, lamellocytes are not produced in parasitized collier mutant larvae (36) . Thus, the involvement of EBFs in immunity predates the evolution of animals with more complex immune systems.
EBFs in Bone Development and Adipogenesis
EBF2 is a regulator of osteoblast-dependent differentiation of osteoclasts. Targeted inactivation of Ebf2 results in reduced bone mass (14) . In Ebf2-deficient cells, the osteoprotegerin (Opg) gene encoding a RANK decoy receptor is markedly downregulated. EBF2 can directly activate the Opg gene (14) . In contrast, EBF1 seems to play an opposing role in regulating osteoblast development. Hesslein and colleagues showed that the Ebf1 mRNA and protein are produced in mesenchymal stem cells and in osteoblasts at most stages of differentiation (38) . In Ebf1-deficient mice, osteoblastogenesis is increased (38) .
EBF1 also regulates the production of adipocytes (39, 40) . Ectopic expression of Ebf1 in the pre-adipocyte cell line 3T3-L1 fibroblasts or mouse embryonic fibroblasts induces adipogenesis (40) . SiRNA-mediated downregulation of EBF1 or EBF2 blocks differentiation of 3T3-L1 cells, suggesting that both factors have a critical role and are not functionally redundant in driving the differentiation of fibroblasts to adipocytes (39) . Additionally, in the bone marrow of Ebf1-deficient mice, the number of adipocytes is greatly increased, suggesting that EBF1 might block adipogenesis in this compartment (38) .
EBFs in Neurogenesis
The EBF orthologs in D. melanogaster (Collier), and C. elegans (Unc-3) are involved in neurogenesis, which might be mediated by interactions between EBF and the hedgehog or notch pathways (13) . Studies based on these and other model organisms suggest that, during neuronal differentiation, the members of the EBF family have functionally distinct roles. For example, mouse EBF2 seems to act earlier than EBF1 or EBF3, and in Xenopus, EBF3 promotes differentiation of specific neuronal subtypes (13, 41) . In mice all four members of the EBF family are expressed in olfactory receptor neurons, in which they regulate the expression of olfactory genes (42, 43) . During mouse embryogenesis EBF members are expressed in early postmitotic neurons from the midbrain to the spinal cord and at specific sites in the embryonic forebrain, suggesting that they may regulate neuronal maturation in the central nervous system (CNS; refs. 11-13). EBF2 is expressed in the embryonic CNS (44) , and targeted inactivation of Ebf2 has revealed roles for EBF2 in peripheral nerve morphogenesis, migration of hormone-producing neurons, and projection of olfactory neurons (42, 45) .
Interestingly, EBF1 is abundantly expressed in striatonigral medium spiny neurons. Ebf1 deficiency in mice results in a markedly reduced number of striatonigral medium spiny neurons at postnatal day 14, although these neurons are properly specified in Ebf1 −/− mice by postnatal day 0. Thus, EBF1 seems to be a lineage-specific transcription factor essential for the differentiation of striatonigral medium spiny neurons (46) . Recently Yin and colleagues showed that EBF1 has a critical role in terminal migration of mesodiencephalic dopaminergic neurons that have multiple brain functions such as movement control, emotion, and reward. EBF1 is primarily expressed in the immature mesodiencephalic dopaminergic neurons and its depletion leads to retardation of mesodiencephalic dopaminergic neurons in the marginal zone (47) .
Nonredundancy of EBF Family Members
Although Ebf1-and Ebf2-deficient mice are viable (14, 16, 42, 45) , homozygous Ebf3 knockout mice exhibit neonatal lethality by postnatal day 2 (42), suggesting that the EBF proteins are not functionally redundant. This is surprising, considering that the four paralogs of the EBF family are highly similar in amino acid sequence. The 50 N-terminal amino acid residues and the entire C-terminal transactivation domain are the most divergent regions among these paralogs. However, even in these regions, the amino acid sequences are essentially identical among corresponding orthologs between mammalian species. Therefore, functional specificity of an individual EBF member might be determined by these slightly divergent domains, or more likely through specific regulation of their expression. Indeed, the promoter sequences of the four paralogs seems quite distinct (but also see refs. 28, 48). 2 The expression of EBF proteins in multiple tissues and their roles in diverse developmental processes suggest that they have fundamental cellular functions, and that their roles in lineage determination may involve cooperation with other tissue-restricted factors, as shown in B lymphopoiesis (Fig. 3) .
Potential Roles of EBFs in Tumor Suppression
EBF3 Is a Putative Tumor Suppressor
Genetic analyses indicate that the loss of chromosome 10q is the most common genomic lesion of both primary and secondary GBMs and correlates with short patient survival. One consequence of the 10q loss is the deletion of the Pten locus in 10q22, a well-established genetic defect during gliomagenesis (49, 50) . Pten encodes a phosphatase that dephosphorylates both lipids and proteins. It is mutated in about 25% of GBMs. Pten is also inactivated through other mechanisms. For example, promoter hypermethylation of the Pten gene occurs in 75 to 80% of all GBMs. However, hypermethylation of the Pten promoter occurs mostly in low-grade glioma and secondary GBMs (51) .
The gene encoding the human EBF3 transcription factor also resides in 10q at 10q26.3. The EBF3 locus is close to the telomere of chromosome 10q, and is approximately 45 Mb away from the Pten locus. A genome-wide screen using integrated genomic and epigenetic analyses revealed that the EBF3 locus at chromosome 10q26.3 is bi-allelically altered by methylation or deletion in the majority of high-grade brain tumors (7). The EBF3 gene was found to be inactivated in 50% of grade II, 83% of grade III, and 90% of grade IV brain tumors by deletion, or promoter hypermethylation of the EBF3 locus (7). It is noteworthy that the promoters of EBF3 gene in both mice and humans contain a very long CpG island spanning 1.6 kb, encompassing the proximal region of the promoter and the first two exons of the EBF3 gene. The long CpG island might render the promoters susceptible to DNA hypermethylation in tumors. Consistent with these observations, EBF3 is expressed in normal brain cells but is silenced in brain tumor cells (7) . These data provided the first evidence that EBF3 is a potential tumor suppressor gene in the brain.
Consistent with previous findings (7), Maher and colleagues showed that genomic loss at 10q26.3 is as frequent as that at 10q22, occurring with a frequency of 85.2% in primary and secondary GBMs (52) . These data suggest that both loci may be lost simultaneously, although it is also possible that each locus is deleted independently, as genomic loss of the regions between these two loci occurs at a slightly lower frequency (80%; ref. 52) . In a comprehensive analysis of the cancer genome in 206 GBMs, it was also found that the loss of the EBF3 genomic region is a frequent event (4). Because Pten inactivation alone is not sufficient to cause gliomas (49, 50, 53) , and the loss of Pten is almost invariably associated with the loss of EBF3, it is tempting to speculate that genomic deletion of EBF3 might facilitate gliomagenesis when Pten is also lost. Similar genomic lesions also seem to occur in breast cancer. Quantitative comparative genomic hybridization analysis revealed that 10q26 was lost in 41 of 53 breast cancer cell lines (54) . It is worth emphasizing that 10q loss would result in genetic deletion of many genes in this region. Therefore whether EBF3 loss in cancer is a specific contributing factor in tumorigenesis requires further investigation.
Remarkably, large-scale sequencing of all coding exons in tumors and their normal tissue counterparts has detected tumor-specific mutations of the EBF3 gene in GBM and pancreatic cancer. In a primary tumor of a 32-year-old male GBM patient, a missense mutation was found. It results in the change of amino acid residue from W to C at position 265 (W265C) of EBF3 (3) . A missense mutation of EBF3 (R243W) was also discovered in a pancreatic ductal adenocarcinoma that metastasized to the lung from a 59-year-old male patient (2) . Both cancer-specific somatic mutations occur within the highly conserved functional domains of EBF3 (Fig. 1) . The former is in the IPT/TIG domain, whereas the latter is in the DBD. Although the functional impact of these mutations is currently unknown, they could affect DNA-binding or protein-protein interaction of EBF3. There is also evidence suggesting that EBF3 has a tumor suppressive role in other types of cancer. For example, cDNA microarray-based gene expression analyses revealed significant downregulation of EBF3 expression in liver cancer compared to normal liver tissue (55) . Epigenetic silencing of the EBF3 locus occurs in colon, liver, and head and neck squamous cell carcinoma (9, 56) . Furthermore, EBF3 expression is reduced in metastatic prostate cancer compared with primary tumors (57) . Collectively, these studies suggest that EBF3 acts as a tumor suppressor in multiple organs and that it can also inhibit metastasis.
Our recent studies have provided a plausible biochemical explanation for EBF3-mediated tumor suppression. We found that EBF3 regulates the expression of a variety of genes that have critical roles in cell growth, proliferation, and apoptosis (9) . Examples of EBF3-regulated genes include the Cip/Kip family of CDK inhibitors (CDKI), and several cyclins and CDKs. In U87 glioma cells and Saos2 osteosarcoma cells, ectopic expression of wt EBF3, but not the H157A mutant defective for DNA-binding, causes initial activation and then significant repression of both p21 cip1 (p21) and p27 kip1 (p27). This downregulation coincides with cell detachment and apoptosis. Conversely, EBF3 can repress the expression of genes responsible for cell proliferation and survival such as cyclins A and B, CDK2, Daxx, and Mcl-1. Therefore, EBF3 might act as a tumor suppressor by regulating the expression of a specific set of genes, thereby preventing inappropriate proliferation (Fig. 4) .
Genomic Loss and Somatic Mutations of the EBF1 Locus in Cancer
As discussed above, EBF1 is an essential regulator of B-cell differentiation and maturation ( Fig. 3; ref. 10) . It also has a critical role in neuronal differentiation (46, 47) . Therefore, inactivation of EBF1 could block these developmental processes, resulting in neoplastic phenotypes. Recent genome-wide analyses of diverse cancers provide comprehensive information on genetic abnormalities of cancer. Pediatric ALL includes Bprogenitor and T-lineage leukemias. These ALL subtypes have distinct genetic alterations. For example, the B-progenitor leukemias contain several well-known genomic translocations such as t (9;22) 
, and the rearrangements of MLL (myeloidlymphoid or mixed-lineage leukemia). Mullighan and colleagues analyzed 242 cases of pediatric ALL using single nucleotide polymorphism arrays that can detect loss or gain of precise genomic regions (8) . Abnormalities at the Pax5 locus represent the most frequent genetic changes of ALL, occurring in 31.7% of cases. Translocation or deletion of Pax5 in B-cell precursor ALL results in reduced or abolished expression of EBF1 and other factors involved in B-lymphocyte development, thereby preventing B-cell maturation (58) . These findings are perhaps not surprising given the key roles for Pax5 in B-cell development (Fig. 3) . Deletions of other key genes in the B-cell maturation pathway, such as TCF3 (encoding the human E2A), EBF1, LEF1, IKZF1 (IKAROS), and IKZF3 (AIOLOS), are also frequent events in ALL (8) . It is striking that 82% of the patients with BCR-ABL1-like disease harbor deletions in these genes (59) .
The studies by Mullighan and colleagues revealed eight cases of ALL that carry mono-allelic deletions of EBF1 (8) . It was shown previously that Ebf1 +/− heterozygous mice have a 50% reduction of fraction B (now termed pro-B) cells. The pre-pro-B cells or fraction A were unaffected (16) . Because the expression of EBF1 mRNA was detected in ALL cells with mono-allelic deletion, EBF1 might be a haplo-insufficient tumor suppressor (8) . Detailed analysis of blasts from an ALL patient identified two distinct blast populations: one with mono-allelic deletion and the other with homozygous deletion of the EBF1 gene. The latter population largely consists of immature B-cells with reduced or no expression of CD79a, a known EBF1 target gene (8) . EBF1 deletion might also be an important factor in the relapse of ALL. Yang and colleagues found that 25% of relapsed ALL cases have deletions in the EBF1 locus (60) . The fact that deletion of EBF1 was seen almost exclusively at relapse in some cases of pediatric ALL suggests that EBF1 loss confers drug resistance and might be a potential prognostic marker (60, 61) . Taken together, these recent findings show that genomic lesions of the EBF1 gene contribute to the pathogenesis, drug resistance, and disease relapse of ALL.
Additionally, genomic loss of the EBF1 locus or other EBF genes seems to occur in solid malignancies. Neve and colleagues detected genomic loss at 5q32 (encoding EBF1) or 20p13 (encoding EBF4) in 10 and 14 of 53 breast cancer lines, respectively (54) . Although evidence supporting a tumor suppressive role for EBF1 in solid tumors is still preliminary, Jones and colleagues detected a cancer-specific somatic missense mutation in a primary ductal adenocarcinoma of the pancreas in a 60-yearold female patient (2) . This mutation causes the amino acid substitution of arginine for glutamine at position 242, which lies within the DBD of EBF1 (R242Q, Fig. 1 ). It is noteworthy that the R242Q mutation of EBF1 and the R243W mutation of EBF3 affect two consecutive arginine residues within the wellconserved DBD of the EBF family. Thus, these mutations might impair the normal functions of EBFs. It will be important to determine how these mutations affect protein function of EBF1 and EBF3.
At present, little is known about potential inactivation of EBF2 or EBF4 in cancer. Our unpublished data indicate that EBF4 is expressed at higher levels in several tumor cell lines than EBF1 or EBF3. However, the biological functions of EBF4 remain a mystery.
Implication of EBF-binding Proteins and Target Genes in Hematological and Solid Cancers
In mouse B-cell lymphomas, retroviral insertions occur frequently in two genetic loci: Evi3 (ecotropic viral integration site 3 encoding Evi3, also known as EHZF, Zfp521, or ZNF521), and Ebfaz (encoding EBF-associated zinc-finger protein, EBFAZ, also known as OAZ, Zfp423, or ZNF423; refs. [62] [63] [64] . In normal B cells, Zfp521 is expressed at low levels and Zfp423 is not expressed (62, 63) . Significantly, mice with retroviral insertion at Ebfaz (Zfp423) site develop lymphoblastic leukemia in most of the studied cases, although other types of lymphoid tumors including lymphoma are also diagnosed. Strikingly, the levels of Zfp423 expression were markedly higher in these tumors compared to their normal counterparts (64) . Similarly, Zfp521 is also highly expressed following retroviral insertion at the Evi3 site (62) . Interestingly, Viral integration at the Evi3 or Ebfaz sites seems mutually exclusive, suggesting that both Zfp521 and Zfp423 act in the same pathway during the development of B-cell tumors (62, 63) . Studies suggest that overexpression of Zfp423 and Zfp521 in B-cell leukemias and lymphomas represses EBF1 target genes that suppress leukemogenesis in B cells (65, 66) . In support of this notion, Zfp521 is highly expressed in most human acute myelogenous leukemias. Similarly, its expression is particularly high in leukemias with rearrangements of the MLL gene. Consistent with these observations, the levels of Zfp521 expression are high in human hematopoietic progenitor cells and decline rapidly during cytokine-driven differentiation (65, 66) . Furthermore, Zfp521 is also abundantly expressed in medulloblastomas and other brain tumors (65) .
At the molecular level, Zfp521 and Zfp423 are highly similar to each other, each containing 30 Krüppel-type zinc fingers. Hata and colleagues showed that zinc fingers 28 to 30 of Zfp423 interact with EBF1, whereas zinc fingers 2 to 8 bind to the 5′-CCGCCC-3′ DNA sequence in concert with EBF1 binding to its cognate sequences ( Fig. 2; ref. 67 ). Experiments based on reporter gene assay suggest that human Zfp521 and mouse and rat orthologs of Zfp423 suppress EBF1-mediated transcriptional activation (see Fig. 2 ; refs. 64, 66, 68), although their interactions with EBF1 may activate transcription in different tissue types (64, 67) . Matsubara and colleagues reported that short hairpin RNA-mediated downregulation of Zfp521 relieved the repression of GATA-1 target genes and promoted erythrocyte differentiation (69) . Intriguingly, Zfp521 and Zfp423 contain a conserved sequence motif near its NH 2 -terminus that is important for interacting with the Mi-2/NuRD remodeling and repression complex (65, (69) (70) (71) . This evidence, along with the finding that siRNA-mediated downregulation of Mi-2β subunit of the Mi-2/NuRD complex enhances EBF1-mediated transcriptional activation (34), suggests that Zfp521 and Zfp423 might recruit this corepressor complex to suppress EBF1 target genes (Fig. 2) . In addition to regulatory roles in the hematopoietic progenitors, Zfp423 seems to have a critical role in the development of the CNS (72, 73) . The interactions between Zfp521/Zfp423 and EBFs likely underpin these important developmental mechanisms whose disruption contributes to oncogenesis. Although the precise implications of the Zfp521/Zfp423-EBF pathway in oncogenesis remain to be determined, the suppression of EBF-mediated transcription by these two large zinc-finger proteins inhibits several developmental pathways and can conceivably contribute to the etiology of leukemias, brain tumors, and possibly other types of cancer.
As previously mentioned, EBF1 induces Pax5 expression by promoting epigenetic modifications and chromatin remodeling at the Pax5 promoter. It also represses the expression of the HLH proteins ID2 and ID3, two repressors of Pax5 (30, 35) . Overexpression of ID proteins can induce malignant transformation and was indeed observed in several types of cancer including colon (74) , prostate (75) , and lung cancer (76) . Thus, EBF1-mediated downregulation of ID proteins may be a mechanism of tumor suppression in hematological and solid tumors.
Concluding Remarks
EBFs are evolutionarily conserved transcription factors with specific roles in the differentiation and maturation of several cell lineages. Inactivation of EBF genes blocks normal development pathways, which results in the accumulation and expansion of undifferentiated progenitor cells, leading to tumorigenesis. Therefore, EBF inactivation due to genomic deletion, epigenetic silencing, or somatic point mutations might have causal roles in the tumorigenesis of several types of cancer including leukemia, GBM, and pancreatic cancer. Steadily accumulating evidence supports a tumor suppressive role for EBF1 and EBF3. Our understanding of their roles in human diseases such as cancer will depend on the illumination of their biological functions. Therefore, future studies should continue to focus on elucidating the biological roles of the EBF family members in development and other mechanisms. Genome-wide analyses of diverse tumors and their normal counterparts will provide more evidence for the involvement of EBFs in cancer. Conventional approaches such as immunohistochemical staining and reverse transcriptase-PCR analysis of tumor specimens will be important complements to large-scale studies in deepening our understanding of tumor suppressive roles of the EBF members. Tissue-specific inactivation of the Ebf genes in mice will allow the establishment of mouse tumor models to probe specific roles of EBFs in the development of different types of cancer. Alternatively, understanding how EBFs interact with their known binding partners such Zfp423 and Zfp521 and the functional impacts of these interactions will reveal the mechanisms of EBF pathways in development and tumorigenesis. Finally, investigation of potential genetic interactions between EBFs and other known tumor suppressors will provide further insight into their role in tumorigenesis. Given the fact that EBF3 is frequently lost together with Pten in GBMs, the simultaneous loss of both genes might facilitate gliomagenesis. Such studies will establish molecular basis for EBF proteins in tumor suppression and will provide clues for designing rational therapy for patients with specific types of cancer containing abnormalities in the EBF pathways.
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